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Abstract 


The  turbo-pump  machinery  used  to  feed  propellant  from  the  external  tank  of  the  Space 
Transportation  System  into  the  Space  Shuttle  Main  Engines  is  a  costly  and  complex 
system.  One  method  by  which  to  reduce  this  cost  and  complexity  is  to  develop  a  pressure 
fed  propellant  system.  This  paper  investigates  the  feasibility  of  utilizing  a  pressurant 
system  as  a  means  to  feed  propellant  to  the  Space  Shuttle  Main  Engines.  This 
investigation  addresses  a  situation  as  simple  as  replacing  the  turbo  pumps  with  a 
pressurant  tank  to  more  complex  situations  of  staging  the  Shuttle  launch  system  to  reduce 
needed  propellant.  The  results  of  this  investigation  are  not  as  optimistic  as  first 
anticipated.  From  the  top-level  analysis,  a  pressure  fed  system  is  highly  unfeasible  as 
well  as  impossible.  This  is  a  result  of  the  current  tank  technology  as  well  as  the  physics  of 
the  situation. 
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1.0  Introduction 


The  Space  Transportation  System  (STS),  or  Space  Shuttle,  is  both  a  complex  and  costly  device 
for  inserting  payloads  into  space.  The  propellant  feed  system  for  the  Space  Shuttle  Main 
Engines  (SSME’s)  is  no  exception.  To  provide  the  necessary  thrust  and  specific  impulse  for  lift¬ 
off  and  orbit  insertion,  the  SSME’s  utilize  turbo  pumps  to  furnish  the  essential  pressures  and 
mass  flow  rates  of  the  oxidizer  and  fuel.  This  method  of  feeding  propellants  to  liquid  rocket 
engines  is  both  complex  and  costly.  Turbo  pumps  contain  many  high  speed  moving  parts  at 
high  temperatures.  The  complexity  of  moving  parts  compounded  by  high  speeds  and  high 
temperatures  adds  to  the  risk  of  failure  as  well  as  to  the  cost  of  high  maintenance. 

To  remedy  this  cost  and  complexity,  a  pressure  fed  system  is  being  proposed  to  replace  the 
current  pump  system.  A  pressure  fed  system  consist  mainly  of  pressure  valves  and  propellant 
and  pressurant  tanks.  These  objects  are  passive  in  nature  and  as  a  result,  contain  little  or  no 
moving  parts.  This  reduces  the  overall  complexity,  cost,  and  risk  of  the  STS  mission.  In 
attempt  to  minimize  new  design  and  testing  which  will  restrain  the  costs,  the  proposed  system 
utilizes  as  much  of  the  current  system  as  possible.  In  addition,  the  investigation  will  look  at  the 
capability  of  launch  system  reusability,  including  any  large  external  propellant  tank. 
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2.0  Background 

2.1  Space  Transportation  System 

Before  altering  and  modifying  the  Space  Transportation  System,  a  better  understanding  of  the 
current  system  is  essential.  The  following  section  addresses  the  basic  vocabulary,  elements,  and 
subsystems  of  the  current  system. 

The  Space  Transportation  System  (STS  )  consists  of  three  mam  segments,  the  orbiter,  external 
tank  (ET),  and  solid  rocket  motors/boosters  (SRM-SRB).  Each  system  works  together  in 
parallel  fashion  to  allow  the 
launch  system  to  achieve 
orbit  insertion. 

2.1. a  Orbiter 

The  orbiter  (Figure  2.2,  Table 
2.2)  is  the  principal  element 
of  the  STS  and  is  designed  to 
last  approximately  100  flights 
[11.  This  winged  vehicle  is 
both  an  aircraft  and  a 
spacecraft;  acting  as  a 
spacecraft  during  launch  and 
on-orbit  operations,  and  as  a 
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aircraft  while  performing  an  unpowered  descent  back  to  Earth.  While  the  exact  values  for 


orbiter  dimensions  and  payload  capabilities  vary  between 
each  orbiter  (i.e.  Enterprise,  Columbia,  Atlantis,  etc.)  the 
following  are  approximate  values  obtained  from  the  Space 
Shuttle  Operator’s  Manual  [1]  and  can  be  viewed  in  Table  2.2. 
The  orbiter  has  the  capability  of  carrying  a  4.5-by-l  8-meter 
payload  with  a  mass  up  to  29,500  kg  (Table  2.2)  into  an  approximate  300km,  28.5-57  degree 
inclination  orbit.  It  has  a  wingspan  of  24  meters,  a  height — including  landing  gear — of  17.25 
meters,  and  length  of  37.24  meters. 


im 

"Wot  (empty)  (kg) 

75,000.00 

morfr-P/L  (^9) 

29,500.00 

^orbw/P/L  {^9) 

104,500.00 

wingspan  (m) 

24.00 

height  (m) 

17.25 

length  (m) 

37.24 

2.1.b  SSME 

This  vehicle  also  houses  one  of  the  main  elements  of  concern  throughout  this  paper,  the  three 
Space  Shuttle  Main  Engines  (SSME’s).  This  element  of  the  orbiter  is  one  of  the  most  crucial  to 
this  paper.  Values  and  terms  mentioned  below  are  referred  to  throughout  this  paper,  specifically 
in  sections  3-5.  The  values  of  greatest  interest  are  the  chamber  pressure,  thrust,  and  specific 
impulse. 


The  SSME’s  (Figure  2.3,  Table  2.3)  are  the  most 
advanced  liquid  fueled  engines  ever  developed  and  are 
currently  a  product  of  the  Rocketdyne  division  of  Boeing. 

The  SSME’s  have  a  100%  flight  success  rate  with  a 
demonstrated  reliability  of  over  .999  [3],  The  SSME  is  a 
reusable  staged-combustion  cycle  engine,  using  a  6-to-l  liquid  oxygen  (LOX)  and  liquid 
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hydrogen  (LH)  mixture  to  fuel  the  engine.  Its  main  features  include  variable  thrust  and 
regenerate  cooled  nozzle  and  combustion  chamber  (fuel  runs  through  tubes  in  the  nozzle  and 
combustion  chamber  wall  to  transfer  heat  from  the  nozzle  and  chamber  to  the  fuel),  and  vector 

thrusting  (gimballed  engine).  The  engine  has  the 
capability  of  producing  2,174,286  Newtons  (488,000  lbs) 
of  thrust  at  a  104%  power  rating,  1,734,803  Newtons 
(390,000  lbs)  at  sea  level  [4].  It  also  has  a  maximum 
thrust  capability  of  2,278,824  Newtons  (512,300  lbs)  at  a 
109%  power  rating  for  emergency  purposes.  The 
SSME’s  operate  with  an  chamber  pressure  of  22,614,804 
Pa  (3280  psia),  which  is  the  major  driving  factor  for  this 
project,  and  a  total  mass  flow  rate  of 487.12  kg/s.  In  addition,  the  SSME  contains  a  bell  shaped 
nozzle  with  an  expansion  ratio  (e)  of  77.5:1  and  exit  diameter  of  2.44  m.  Currently,  the  engines 
feature  high  performance  turbo  pumps  to  boost  the  propellant  pressure  and  mass  flow  rate  which 
is  covered  in  section  2.  Of  greatest  concern  is  the  required  chamber  pressure  and  mass  flow  rate 
necessary  for  the  engines  to  produce  the  aforementioned  thrust  and  specific  impulse  of  454.5 
seconds. 


(Table* 

§jgj  |  §U 

mSSME  (overall)  (kg) 

3,174.00 

thrustSSME  (104%)  (N) 

2,174,286.00 

#  of  engines 

3.00 

mssMEtot  (kg) 

9,522.00 

thrustSSME_t0{  (104%)  (N) 

6,522,858.00 

^LH-pump  (kg) 

34.00 

mOX-pump  (kg) 

11.30 

^thrust-vect  (kg) 

669 

tsPsSME  (S) 

455.00 

mixture  ratio  (O/F) 

6:1 

length  (m) 

4.27 

diameter  (m) 

2.44 

F  m 

Isp  =  - - \g0  =9.81— 

mg0  S 

F  =  thrust  ;  (equation  2.1) 


m  =  mass  flow  rate 
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Specific  impulse,  equation  2.1,  is  a  common  performance  parameter  which  compares  the  thrust 
derived  from  a  system  as  a  function  of  the  propellant  mass  flow  rate  [5].  Because  of  turbo  pump 
limitations  with  mass  flow  rates  and  pressure  rise,  the  thrust,  based  off  of  equation  2.1,  of  the 
SSME  is  greatly  limited  to  the  aforementioned  maximum  value  of  2,278,824  Newtons.  As  a 
result  of  this  low  thrust,  the  3  SSMEs  cannot  provide  a  sufficient  initial  thrust-to-weight  ratio 
(F/W)  for  shuttle  lift-off.  As  a  consequence,  the  two  solid  rocket  motors,  which  is  the  next 
element  of  discussion,  are  added  to  the  system  to  greatly  increase  the  initial  F/W  to 
approximately  1.5. 


1.1. c  Solid  Rocket  Motor  (SRM) 


The  Solid  Rocket  Motors,  SRM’s  (Figure  2.4, 
Table  2.4),  are  the  largest  solid  propellant 
rocket  motors  ever  flown  and  the  first 
designed  for  reuse  [6].  Each  booster  is 
approximately  45.5  meters  in  length  and  3.7 
meters  in  diameter.  At  initial  launch,  one 
booster  is  approximately  585,841  kg,  with 
87,060kg  being  inert  mass  and  498,781  kg 
being  solid  propellant.  Each  booster  has 
primary  elements  consisting  of  the  motor, 
structure,  separation  systems,  operational 
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flight  instrumentation,  recovery  avionics,  pyrotechnics,  deceleration  system,  thrust  vector 
control  system  and  range  safety  destruct  system  [6].  Of  greatest  concern  for  this  investigation  is 
the  motor  and  structure  elements,  and  as  a  result  the  details  of  the  SRM’s  construction  and 
design  are  ignored.  These  two  elements  are  primary  driving  factors  in  section  3.  In  addition, 
since  the  SRM’s  themselves  will  not  be  altered  in  any  fashion,  with  the  exception  of  attachment 
to  the  external  tank,  only  the  relevant  information  (i.e.  thrust,  mass,  etc.)  is  addressed  in  this 
section. 

The  main  characteristics  (table  2.4)  of  concern  for  the  structure  and  motor  elements  are  the 
thrust,  mass,  specific  impulse,  bum  time,  and  structural  purposes.  Each  booster  has  the 
capability  of  1 1.8  million  Newtons  of  thrust  and  242  seconds  of  Isp  (268.6s  in  vacuum)  at  initial 

lift-off.  Special  note,  however,  is  made  50  seconds  after 
lift-off;  at  this  point  in  the  ascent  phase,  the  thrust  is  reduced 
by  almost  1/3  the  initial  value  to  prevent  overstressing  the 
vehicle  during  maximum  dynamic  pressure  [6].  This 
reduction  of  thrust  is  of  significant  when  developing  the 
designs  in  section  3.  As  previously  mentioned,  the  motor 
houses  498,781  kg  of  a  propellant  mixture  consisting  of 
ammonium  perchlorate  (oxidizer),  aluminum  (fuel),  iron  oxide  (catalyst),  a  polymer  (a  binder 
holding  the  mixture  together),  and  an  epoxy  curing  agent.  The  structure  has  a  mass  of  87,060 
kg  and  serves  several  purposes  besides  housing  the  propellant,  one  of  which  is  carrying  the 
entire  weight  of  the  external  tank  and  orbiter  and  transmitting  the  weight  load  to  the  mobile 
launcher  platform.  This  fact  is  of  vital  interest  in  any  of  the  designs  where  the  SRM’s  are 
eliminated.  In  addition  to  the  above  characteristics,  the  bum  time  is  very  important  to  the  later 


mSRM-inert  (kg) 

87,060.00 

^SRM-prop  (kg) 

498,781.00 

^drogue-chute  (kg) 

5,338.00 

thUIStboQstere  (N) 

11,800,000.00 

#  of  motors 

2.00 

^booster  tot  inert  (kg) 

174,120.00 

^booster  tot  wet  (kg) 

1,171,682.00 

thrUSt5OOSter-tot  (N) 

23,600,000.00 

lpsbooster-SL  (s) 

242.00 

Ip®  booster-vac  (®) 

268.60 

length  (m) 

45.5 

diameter  (m) 

3.7 
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investigative  design  sections.  The  length  ot  time  that  the  boosters  hum  greatly  affects  any 
staging  that  occurs  in  these  later  sections.  On  the  current  STS  missions,  the  SRM's  bum  for 
approximately  the  first  2  minutes  of  ascent,  at  Inch  time  they  separate  from  the  external  tank  at 
their  two  attachment  points  on  the  aft  frame  ana  forward  end  of  the  boosters. 


The  solid  rocket  boosters  provide  a  significant  amount  of  thrust  making  them  a  necessary  evil. 
The  SSME’s  alone  cannot  lift  the  shuttle  off  the  ground,  and  as  a  result  the  2  boosters  are 
required.  The  boosters’  short-comings  occur  m  the  low  Isp  and  controllability.  From  equation 
2.1,  the  low  242s  Isp  affects  the  over-all  269s  Isp  of  the  first  stage  (SRM  &  SSME  parallel 
combination)  by  reducing  the  high  454s  Isp  of  the  SSME's.  In  addition,  the  SRM's  utilize  solid 
propellant.  The  major  characteristics  of  solid  propellants  are  that  they  are  not  restartable,  and 
once  they  are  ignited 


they  bum  until  the 


r  "J 
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propellant  is  gone. 


1.1. d  External  Tank 

Equally  as  important  as 
the  previous  elements, 
but  essential  to  Space 


Shuttle  Main  Engine 


operation  is  the  external 
tank.  ET  (Figure  2.5, 


2  R  B  V  ,  mi  ’  v— 
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Table  2.5).  The  ET  is  the  largest  and  heaviest  element  of  the  space  shuttle,  costing 
approximately  30  million  dollars,  and  being  the  only  disposable  structure  of  the  Space 
Transportation  System.  It  consists  of  three  major  components:  the  forward  liquid  oxygen  tank, 
the  mid  intertank  housing  the  main  electrical  components,  and  the  aft  liquid  hydrogen  tank  [7]. 
Of  immense  concern  to  this  paper  are  the  dimensions  and  volume,  and  the  amount  of  propellant 
contained  within  the  ET.  In  addition,  the  means  by  which  the  propellant  is  transported  into  the 
orbiter  and  thus  the  engines  requires  equal  consideration. 


The  liquid  oxygen  tank  is  located  in  the  top  or  front  section  of  the  ET  and  is  constructed  as  an 
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mET-tot(dry)  (kg) 

35,500.00 

mET-tot  (wet)  (kg) 

754,000.00 

LH  Tank 

rriLH-tank  (dry)  (kg) 

13,150.00 

mLH  (kg) 

102,000.00 

Plh  (Pa) 

220,632-234,421 

volLH  (m3) 

1,512.23 

diameter  (m) 

8.41 

length  (m) 

29.46 

OX  Tank 

mox-tank  (dry)  (kg) 

5,441.00 

m0x  (kg) 

616,500.00 

Pox  (Pa) 

137,895-151,684 

volox(m3) 

558.26 

diameter  (m) 

8.41 

length  (m) 

15.03 

Misc 

^inter-tank  (^9) 

5,487.00 

mtherrna!-prot  (^9) 

2,187.00 

^extemal-HW  (^9) 

4,126.00 

aluminum  monocoque  structure.  It  operates  at  a  pressure 
range  of  137,895-151,684  Pa  (20-22  psig).  The  oxygen 
tank  feeds  into  a  43  cm  feed-line,  which  runs  through  the 
intertank,  then  outside  the  ET  to  the  aft  right-hand 
ET/orbiter  disconnect  umbilical  [7].  The  tank  itself  has  a 
volume  of  558.26  m3  (19,714.77  ft3),  a  diameter  of 
8.41m  (331  in),  a  height  of  15.03m  (592  in),  and  dry 
mass  of  5,441kg  (12,000  lbs). 

The  Intertank  is  a  steel/aluminum  semimonocoque 
cylindrical  structure.  Its  purpose  is  to  join  the  oxygen 
and  hydrogen  tanks,  as  well  as  house  many  of  the 


components  necessary  for  proper  operation  of  the  ET.  It  is  8.41m  (331  in)  in  diameter,  6.85m 
(270  in)  long,  and  weighs  5,487kg  (12,100  lbs). 
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The  liquid  hydrogen  tank  is  an  aluminum  semimonoque  structure  operating  at  220,632-234,421 
Pa  (32-34  psia).  Like  the  oxygen  tank,  it  has  a  43cm  (17  in)  diameter  feed-line  which  connects 
to  the  left-aft  umbilical.  At  the  forward  end  of  the  hydrogen  tank  is  the  ET/orbiter  forward 
attachment  pod  strut,  and  at  its  aft  end  are  the  two  ET/orbiter  aft  attachment  ball  fittings  as  well 
as  the  aft  SRB-ET  stabilizing  strut  attachments  [7].  The  liquid  hydrogen  tank  is  8.41m  (17  in) 
in  diameter,  29.46m  (1,160  in)  long,  l,512.23m3  (53,518  ft3)  in  volume,  and  has  a  dry  weight  of 
13,150kg  (29,000  lbs). 


In  addition  to  the  main  tank  components,  other  masses  are  accounted  for  in  this  investigation. 
These  components  consist  of  the  thermal  protection  and  external  hardware.  Though  the  actual 
masses  may  vary  with  a  modified  system,  this  is  only  a  top-level  analysis  and  therefore  the 
values  presented  in  Table  2.5  will  be  the  ones  used  in  the  following  sections. 

2.2  Turbo  Pumps 

The  turbo  pumps  (Figure  2.6,  Table  2.6)  are  the  instrument  by  which  the  rocket  propellants  are 
fed  from  the  External  Tank  into  the  Space 
Shuttle  Main  Engines.  This  system 
consists  of  a  low  pressure  oxidizer  turbo 
pump  (LPOT),  high  pressure  oxidizer 
turbo  pump  (HPOT),  low  pressure  fuel 
turbo  pump  (LPFT),  and  high  pressure 
fuel  pump  (HPFT),  for  each  engine.  The 
bulk  of  this  information  is  obtained  from  the  Space  Shuttle  Main  Engines  section  of  the  Space 


Oxidizer  Pump 

Fuel  Pump 

Low  pressure 

Pinlet 

689,475 

206,843 

Pexit  (Pa) 

2,909,587 

1,902,953 

speed  (rpm) 

5,150 

16,185.00 

Dimensions  (cm) 

45.72  X  45.72 

45.72  X  60.96 

High  pressure 

Pinlet  (P3) 

2,909,587 

1,902,953 

Pexit  (Pa) 

51,159,099 

44,919,343 

speed  (rpm) 

23,600 

36,200 

Shaft  Horsepower  (hp) 

27,350 

73,000 

Service  Life  (missions) 

60 

60 

Design  Life  (missions) 

240 

240 

Dimensions  (cm) 

61  X91 

56  X  112 
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Shuttle  Reference  Manual  [8].  Below  is  only  a  brief  summary  of  the  turbo  pump  operation. 
This  operation  is  very  complex  and  tedious,  refer  to  the  aforementioned  web-site  for  details  on 
the  turbo  pumps. 


2.2.a  Oxidizer  Turbo  Pumps 

The  oxidizer  is  fed  into  the  main  propulsion  system  liquid  oxygen  feed  line  from  the 
aforementioned  orbiter/ET  umbilical  disconnect.  From  this  point  it  branches  out  into  three 
parallel  paths  leading  to  the  LPOT  of  each  engine.  “The  LPOT  is  an  axial-flow  pump  driven  by 
a  six-stage  turbine  powered  by  liquid  oxygen”  [8].  The  LPOT  boosts  the  liquid  oxygen  pressure 
from  689,445  Pa  (lOOpsia)  to  an  exit  pressure  of  2,909,587  Pa  (422  psia).  From  the  exit  of  the 
LPOT,  the  liquid  oxygen  is  fed  into  the  HPOT.  The  LPOT  allows  the  HPOT  to  operate  at  high 
speeds  without  cavitation.  The  LPOT  operates  at  about  5,150  rpm,  and  has  dimensions 


approximating  45.72  cm  (18  in)  by  45.72  cm.  The 

Pratt  &  Whitney 

High  Pressure  Turbopumps  .  . 

line  Replaceable  Units  for  the  Space  Shuttle  Main  Engine  LPOT’s  attached  to  the  orbiters  structure  m  a  fixed 


position. 


“The  HPOT  consists  of  two  single-stage  centrifugal 
pumps  mounted  on  a  common  shaft  and  driven  by  a 


two  stage,  hot-gas  turbine”  [8].  The  main  pump  operates  at  28,120  rpm  and  boosts  the  oxygen 


from  the  exit  pressure  of  the  LPOT  (2,909,587  Pa,  422  psia),  to  29,647,456.4  Pa  (4,300psia). 
The  liquid  oxygen  path  then  splits  into  several  directions.  One  goes  to  fuel  the  LPOT  turbine, 
one  travels  to  the  main  combustion  chamber,  and  another  taps  off  to  the  oxidizer  heat  exchanger 


which  is  used  to  convert  some  of  the  oxygen  into  gas.  This  gas  is  used  to  pressurize  the  oxidizer 
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tank  and  also  enters  the  HPOT  second-stage  prebumer  pump  to  boost  the  liquid  oxygen  to 
51,1 59,099  Pa  (7,420  psia).  This  gas  also  passes  through  the  HPFT  prebumer  pump.  The 
HPOT  is  approximately  60.96  cm  (24  in)  by  91.44  cm  (36  in). 

2.2.b  Fuel  Pump 

Like  the  liquid  oxygen,  the  liquid  hydrogen  enters  the  orbiter  and  splits  off  into  three  parallel 
paths,  which  lead  to  the  LPFT.  “The  LPFT  is  an  axial-flow  pump  driven  by  a  two-stage  turbine 
powered  by  gaseous  hydrogen”  [8].  The  LPFT  boosts  the  liquid  hydrogen  from  206,842.7  Pa 
(30  psia)  to  1,902,953.01  Pa  (276  psia)  which  then  feeds  into  the  HPFT.  Like  the  LPOT,  the 
LPFT  allows  the  HPFT  to  operate  at  high  speeds  without  cavitation.  The  LPFT  is  45.72  cm  (18 
in)  by  60.96  cm  (24  in)  and  operates  at  approximately  16,185  rpm.  It  too  is  attached  to  the 
orbiter  structure  at  180  degrees  from  the  LPOT. 

“The  HPFT  is  a  three-stage  centrifugal  pump  driven  by  a  two-stage,  hot  gas  turbine”  [8].  It  is 
used  to  boost  the  liquid  hydrogen  pressure  to  44,919,343.77  Pa  (6,515  psia)  while  operating  at 
35,360  rpm.  The  outlet  is  then  branched  off  into  three  separate  paths.  One  path  cools  the 
combustion  chamber  and  then  feeds  to  run  the  LPFT  turbine.  The  remaining  hydrogen  passes 
between  the  inner  an  outer  wall  to  cool  the  hot-gas  manifold,  which  is  then  discharged  into  the 
main  combustion  chamber.  The  second  path  is  sent  through  the  engine  nozzle  to  cool  it.  It  then 
joins  the  third  flow  path  from  the  chamber  coolant.  This  combined  flow  is  then  directed  to 
operate  the  fuel  and  oxidizer  prebumers.  The  HPFT  is  55.88  cm  (22  in)  by  1 1 1 .76  cm  (44  in). 
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3.0  Investigation  of  Pressure-fed  System 


3.1  Current  System  with  Pressurant  Tank 

The  most  simplistic  and  cost  effective  approach  is  to  simply  remove  the  turbo  pumps  and 
replace  them  with  a  pressurant  tank.  This  idea  requires  minimal  change  in  the  existing  system. 
With  this  notion,  the  SSME’s,  and  SRM’s  are  not  altered.  In  addition,  the  launch  profile  and 
sequence  is  not  modified. 

The  basic  idea  is  to  have  the  turbo  pumps  removed  from  the  orbiter.  Then  a  pressurant  tank  and 
pressurant  are  added  to  the  ET.  Through  the  use  of  the  pressurant,  the  oxidizer  and  fuel  are 
pushed  through  the  plumbing  from  the  ET  into  the  engines  on  the  orbiter.  Because  of  the 
simplicity  of  the  idea  and  lack  of  modification  in  the  existing  system,  the  new  system  will 
require  little  design  and  testing.  In  addition,  the  only  thing  being  altered  is  the  propellant  feed 
method,  therefore  the  engines  and  boosters  remain  the  same.  As  a  result,  the  over  all  launch 
portion  of  the  mission  profile  does  not  change.  However,  with  the  addition  of  the  pressurant 
tank,  the  external  tank’s  geometry  and  size  is  altered. 

In  the  following  sub-sections  the  investigation  of  this  idea  is  explained  in  detailed.  A 
conclusion  is  made  on  the  feasability  of  this  notion.  The  process  for  obtaining  this  conclusion  is 
described,  along  with  the  equations  used  and  the  resultant  values. 

3.1.a  Pressurant  Mass  and  Volume  Determination 

To  begin,  the  values  of  the  current  system’s  liquid  propellant  masses  and  flow  characteristics  are 
obtained  from  Tables  22-2.6.  The  values  that  are  of  greatest  concern  are  the  liquid  oxygen  and 
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liquid  hydrogen  masses,  volume,  and  flow  rates.  With  this  information,  the  pressurant  mass  and 
volume  are  determined  using  Algorithm  3.1.  The  following  algorithm  is  from  the  class  notes  for 
ASE  521  at  the  University  of  Colorado  at  Colorado  Spring  by  Captain  Michael  Bettner  [4]. 

Algorithm  3*1.  Pressurant  (ToIq^,  ^  h  ^  Pinitial?  Pimai?  ^initial  Volpress,  m 

press) 

1 .  Assume  pressurant  tank  volume  (Volpress  =  0 

2.  Estimate  volume  of  pressurant  (Volpress) 

•  Start  with  enough  to  fill  all  tanks  +5%  extra 

•  Volpress  =  (VoW+VolLH+Volpresstank)  *  1-05  (equation  3 . 1 ) 

3.  Select  initial  temp  (Tinitial),  initial  pressure  (pinitial),  and  final  pressure  (pfinal)  for  the 
pressurant;  the  final  pressure  is  equal  to  the  HPOT  outlet  pressure  plus  a  small  margin 
for  dynamic  pressure  drop  and  losses  due  to  plumbing.  The  temperatures  must  be  above 
the  critical  temperature  to  guarantee  that  the  propellant  remains  a  liquid. 


r- 1 


T  =T. 

final  initial 


Pfinal 
^  Pinitial  ) 


(equation  3.2) 


4.  Use  isentropic  relationship  to  find  the  final  temperature  (Tfina)) 


"W  =  (equation  3.3) 

final 


5.  Use  ideal  gas  law  to  determine  the  mass  of  the  pressurant 


6.  Use  equation  3.3  at  Tinitial  and  Pinitial  to  find  Volpress  Bnk  to  hold  mass  of  pressurant 

7.  Go  back  to  step  two  with  Volpress  ant  until  it  converges 
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3.1.b  Tank  Sizing 


Tank  mass  sizing  can  be  performed  by  two  methods.  The  first  approach  is  called  Hoop  Stress. 
This  method  utilizes  material  strength,  and  burst  pressure  (MEOP,  burst  pressure,  times  a  factor 
of  safety).  The  second  approach  is  an  empirical  method  using  pressure,  volume,  and  a  tank 
factor  (9^.  This  tank  factor  is  usually  supplied  by 
the  manufacturer  and  is  determined  by  the  tank 
material.  Table  3.1  lists  some  tank  factors  for  some  of 
the  common  propellant  tank  materials.  For  this 
investigation  and  all  those  to  follow,  the  tank  sizing  is  determined  using  method  2,  the  tank 
factor  approach.  For  this  approach,  the  following  equation  is  used  to  determine  the  tank  masses: 


CommpnTankF 

fj|ip.  m  i 

metallic 

2,500 

graphite  composite 

10,000 

graphite  composite 
-T 1 000G  [9] 

50,000 

m, 


tank 


PbVoL 

§o<P  tank 


(equation  3.4) 


In  this  equation,  the  pressure  is  the  burst  pressure  (pressure  of  system  plus  a  safety  factor)  for 
the  tanks.  However,  an  exception  is  made  for  tanks  made  of  titanium;  the  tank  factor  for 
titanium  already  includes  a  factor  of  safety  equal  to  2.  In  this  section  as  well  as  in  the  following 
sections,  tanks  consisting  of  either  titanium  or  composites  are  considered.  These  materials  are 
chosen  for  their  high  tank  factors,  as  seen  in  Table  3. 1 .  One  might  ask  why  the  material  with  the 
highest  tank  factor  is  not  always  used.  The  reasons  are  many  (cost  is  a  large  factor),  but  for  this 
situation  one  of  the  limiting  factors  is  the  propellants.  The  propellants  for  this  situation  are 
cryogenic  (operating  at  very  low  temperatures);  this  can  hinder  the  use  of  some  composites.  As 
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of  1995,  “the  use  of  composite  tank  materials  has  not  been  demonstrated  for  cryogenic 
propellants  because  of  concern  for  brittleness”  [5].  Because  of  this  aforementioned  situation, 
composite  materials  are  used  only  for  the  pressurant  tank. 

As  for  the  geometry  of  the  tanks,  they  are  modeled  as  spheres.  This  is  initially  done  for  this 
investigation,  as  well  as  the  following  investigations  for  simplicity  sake.  Once  a  method  is 
found  that  works  within  the  mass  limitations,  the  tanks  will  be  modeled  as  cylinders,  which  is 
more  complicated  but  is  more  common  for  tanks  of  this  size. 

3.1.c  Optimizing  Pressurant  Mass 

Now  that  the  process  for  determining  pressurant  mass  and  volume  and  tank  size  and  mass  has 
been  addressed,  the  method  by  which  an  optimal  solution  is  achieved  can  be  presented.  To 
begin,  the  situation  presented  in  this  section  has  both  fixed  propellant  volume  and  mass.  As  a 
result,  the  volume  of  the  propellant  tanks  is  predetermined.  On  the  contrary,  the  mass  and  the 
volume  of  the  pressurant  can  be  altered  through  variation  in  initial  pressurant  tank  pressure 
(P initial) as  ^  increase  in  final  pressure.  In  order  to  find  the  optimal  solution,  varying  pinitials  are 
implemented  in  conjunction  with  Algorithm  3.1  and  Equation  3.4.  These  calculations  for 
various  pressurants  and  tank  materials  are  displayed  in  Tables  B.1-B.6  and  Charts  B.1-B.6  in 
Appendix  B.  The  reason  for  testing  several  pressurants  over  a  range  of  increasing  initial 
pressures  is  simple.  First,  by  increasing  the  initial  pressure  of  the  pressurant  one  can  reduce  the 
volume  and  hence,  the  mass  of  the  pressurant.  From  Equation  3.4,  reducing  the  volume  of  the 
pressurant  reduces  the  pressurant  tank  size,  which  in-tum  decreases  the  mass  of  the  tank. 
However,  the  increase  in  pressure  will  require  a  thicker  tank  wall — increasing  the  tank  mass  (see 
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equation  3.4).  This  problem  is  not  great,  for  the  reduction  in  volume  due  to  increase  in  pressure 
out- weighs  the  increase  in  wall-thickness. 

The  reasoning  behind  testing  different  pressurants  is  simple  as  well.  Because  of  the  various 
specific  heat  ratios  (y)  and  molecular  weights  (M),  some  elements  are  more  optimal  than  others 
in  the  current  situation.  Among  the  most  commonly  used  pressurants  include  Helium  (He), 
Argon  (Ar),  and  Nitrogen  (N2),  and  are  the  three  different  pressurants  investigated  in  each 
section.  Note  should  be  made  that  a  pressurant  needs  to  be  inert;  a  pressurant  cannot  react  with 
the  propellants  or  the  storage  tanks. 

3.1. d  Results 

As  previously  mentioned,  several  combinations  of  tank  materials  and  pressurants  are  tested. 
The  best  results  (Table  3.2)  occur  for  propellant  tanks  made  of  titanium  with  helium  as  the 
pressurant.  As  for  the  pressurant  tanks,  a  composite  material  works  best,  and  two  types  are 
used.  One  has  a  tank  factor  of  10,000  meters  (denoted  situation  1)  and  the  other  has  a  tank 
factor  of  50,000  meters  (denoted  situation  2).  As  for  the  initial  pressure  of  these  possible 
situations,  the  best  solutions  occur  at  a  p^,  of  277,169,245  Pa  (40,200  psi)  for  both  situations. 
This  results  in  a  tank  mass  of  3,889,790.17  kg  (8,578,448.8  lbs)  for  situation  1  and 
777,958.03kg  (1,715,689.8  lbs)  for  situation  2. 


Now  that  the  tank  and  pressurant  masses  are  known,  these  values  must  be  compared  and 
implemented  into  the  current  system  to  check  for  feasibility.  The  easiest  way  to  check  this 
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feasibility  is  to  see  if  the  new  tank  system  weighs  the  same  as  the  old,  or  that  the  inert  mass  and 
inert  mass  fraction  for  each  system  are  the  same.  Table  3.4  shows  a  rough  comparison  of  all  of 
the  systems’  pressurant  system  masses  (a  detailed  mass  breakdown  is  located  in  Table  B.7-B.13, 
Appendix  B).  As  viewed  in  Table  3.4,  one  can  see  that  the  modified  system  weighs  much  more 


Pressurant 

Helium 

Nitrogen 

Argon 

Current  System 

Optimal  pinitial  (Pa) 

277,169,245.00 

343,689,863.80 

277,169,245.00 

2,040,469 

9,086 

1.5 

2,040,469 

9,086 

1.5 

^pressurant  (^9) 

616,216.57 

3,234,838.23 

6,216,035.63 

(Ptank=1 0,000m 

m,ank  (k9) 

3,889,790.17 

2,908,650.46 

3,927,571.38 

•"•"•launch  (^9) 

8,166,371.37 

9,803,853.32 

13,803,971.64 

AVro  (m/s) 

795.9130161 

645.6914563 

442.2510007 

F/VWi 

0.376008828 

0.313206208 

0.222445236 

F/W|ift^ff.2 

0.097164998 

0.078404009 

0.053275382 

<Ptank=50,000m 

m,ank  (kg) 

777,958.03 

581,730.09 

785,514.28 

•"•"•launch  (^9) 

5,054,539.24 

7,476,932.95 

10,661,914.54 

AVtot  (m/s) 

1433.657314 

882.5220218 

587.6493267 

F/Wjjft.QfM 

0.607499038 

0.410680121 

0.287999657 

FAA/jjft^ff.2 

0.178197311 

0.108050911 

0.0712001 

than  the  current  system.  This  can  be  attributed  to  the  pressurant  tank  and  the  pressurant  mass 
itself.  The  pressurant  is  considered  inert  mass  and  remains  with  the  system  for  the  duration  of 
the  launch.  This  situation  puts  a  great  burden  on  the  launch  capability  of  the  system. 


To  gain  a  better  idea  of  how  this  pressurant  system  limits  the  launch  capability,  the  change  in 
velocity  (AV)  for  the  modified  system  is  calculated  using  the  ideal  rocket  equation  (equation 
3.5)  and  compared  to  the  required  AV. 


f  \ 


AF=/^0ln|-L 


(equation  3.5) 
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Once  again  it  is  seen  that  large  inert  mass  due  to  the  pressurant  and  the  tanks  greatly  reduces  the 
total  A V  to  795.91  m/s  for  situation  1  and  1433.66  m/s  for  situation  2.  These  values  are  well 
below  the  required  AV  of  9,086  m/s  [5]. 

Another  characteristic  of  great  importance  is  the  thrust-to-weight  ratio,  F/W,  for  each  stage.  If 
the  F/W  is  less  than  one,  the  system  will  never  lift  off.  In  addition  a  margin  for  losses  (i.e. 
drag)  should  be  included  which  increases  the  F/W  to  about  1.5  for  the  shuttle  at  lift-off.  As 
demonstrated  by  the  values  in  Table  3.4,  none  of  the  test  systems  can  even  get  off  of  the  launch 
pad.  The  best  F/W  is  .607  for  stage  1  situation  2  with  helium  pressurant.  In  addition,  an 
interesting  fact  is  noted;  because  of  the  large  amount  of  inert  mass  (pressurant  and  tank)  that 
remains  with  the  shuttle  throughout  launch,  the  F/W  becomes  greatly  reduced  at  the  beginning 
of  stage  2  (after  SRM  separation). 

Based  on  the  aforementioned  material,  this  method  of  simply  replacing  the  turbo-pumps  with  a 
pressurant  tank  does  not  work.  The  three  tanks,  fuel  tank,  oxidizer  tank,  pressurant  tank, 
provide  a  large  source  of  inert  mass  as  a  result  of  the  required  high  chamber  pressure  of  the 
SSME’s.  In  addition,  even  if  the  tanks  themselves  had  an  outstanding  tank  factor  (low  mass)  the 
pressurant  needed  to  fill  all  the  tanks  and  maintain  an  operating  pressure  is  extremely  high.  The 
pressurant  accounts  for  a  large  portion  of  the  inert  mass,  which  cannot  be  reduced  unless  the 
tank  volumes  are  reduced.  This  was  done  through  pressure  optimization  for  the  pressurant  tank. 
However,  the  propellants  are  liquids  and  their  volumes  cannot  be  simply  reduced  by  increasing 
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the  tank  pressure.  The  amount  of  propellant  must  be  reduced  in  order  to  reduce  the  tank 
volumes.  This  is  possible  by  staging  the  shuttle  launch  system.  This  is  the  topic  of  the  next 
sections. 

3.2  Staging  STS 

This  next  section  presents  a  possible  solution  that  was  present  in  the  previous  section.  How  can 
the  volume  of  the  propellant  tanks  be  reduced.  One  possible  solution  is  staging  the  current 
system.  By  staging  the  launch  system,  the  amount  of  propellant  needed  to  obtain  the  required 
AV  can  be  reduced.  Various  staging  methods  will  be  performed  to  investigate  the  feasibility  of 
the  idea.  One  drawback  of  this  solution  is  the  need  for  research,  development,  design,  and 
testing  of  the  new  system.  In  addition,  staging  the  system  in  a  manner  different  than  the  current 
system  adds  complexity. 

Once  again,  the  constraints  include  no  modification  to  the  SRM’s  or  to  the  orbiter.  In  addition, 
the  payload  capability  cannot  be  reduced  to  allow  for  an  increase  in  launch  system  mass. 

The  process  by  which  this  staging  method  is  tested  is  very  simple,  and  is  utilized  in  the  foilwing 
sections  to  test  the  different  situations.  The  process  is  explained  in  Algorithm  3.2. 

Algorithm  3.2:  Mass  (Isp,  mpay,  AVtot ,  finert=>  m„  mf,  mprop  ,minert ,  F AV) 

1 .  Choose  a  reasonable  inert  mass  fraction,  fjnert,  where: 

finer,  = - — -  (equation  3.6) 

miner,  +  ™prop 

•  Usually  finert  =  0.06  to  0.20  for  most  systems. 
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2.  Find  propellant  mass,  m^,  from  equation  3.7: 


m„rm  = 

prop 


(  { —  1 

\ 

gl  IxPgo  ) 

-1 

pay 

\ 

y 

(i-AJ 


AV 

1 spSo 


(equation3.7) 


l~  finer, 

3.  Using  finert  and  mprop,  find  the  inert  mass,  mjnert,  from  equation  3.8: 


fin, 


J  inert 

"‘inert  .  _  r  prop 

^  J  inert 


(equation  3.8) 


•  For  this  investigation,  mjnert  includes  the  mass  of  the  propellant  tanks, 
intertank,  external  hardware,  and  thermal  protection;  the  SSME’s  are 
not  included,  for  they  are  a  part  of  the  payload  (orbiter  mass). 

4.  Find  the  initial  mass,  m,,  and  the  final  mass,  mf,  using  equations  3.9  and  3.10,  respectively: 

mi  =  mpay  +  miner,  +  ™prop  =  ™f  +  mProP  (equation  3.9) 

mf  =  mpay  +  minert  (equation  3.10) 

5.  With  the  initial  mass,  calculate  the  initial  thrust-to-weight  ratio,  F/W : 

F  T 

—  = -  (equation  3.11) 

W 

•  Ensure  that  the  F/W  is  greater  than  1 ,  otherwise  the  vehicle  cannot 
liftoff.  To  account  for  losses  (i.e.  drag),  a  F/W  of  1.3-1. 5  is  preferred 
(the  current  shuttle  system  is  approximately  1.5) 


22 


3.2.b  SRM’s  in  Series  with  SSME’s 


One  possible  staging  method  is  based  on  the  fact  that  engines  firing  in  series  (basic  staging 
method)  is  more  efficient  than  engines  firing  in  parallel  (SRM’s  and  SSME’s  firing  together). 
With  this  approach,  a  saving  is  made.  Once  again,  there  are  a  couple  of  constraints: 

1 .  The  SRM’s  and  orbiter  are  not  modified  in  any  way. 

2.  The  Propellants  for  the  SSME’s  are  Liquid  Oxygen  and  Liquid  Hydrogen 

3.  For  stage  one,  the  F/W  >  1.3;  for  the  following  stages  (stage  2a  &  2b),  F/W  >  1.3. 

These  constraints  are  few,  but  very  limiting.  In  addition,  one  more  major  thing  is  considered; 
the  modified  system  needs  to  remain  simple;  this  reduces  complexity  and  cost  due  to  design  and 
testing. 

To  determine  the  validity  and  possibility  of  this  staging  solution,  a  modified  version  of 
Algorithm  3.2  is  utilized.  To  begin,  the  total  propellant  mass,  mprop.sRM.to,,  and  specific  impulse 
at  sea  level,  IspSRM,  are  obtained  from  Table  2.4.  With  these  values  and  equations  3.5,  3.9,  and 
3.10,  the  payload  mass,  nipay,  is  determined  for  fractions  of  AV  contributed  by  stage  one. 
Looking  at  Table  C.3  and  Chart  C.3  in  the  Appendix  B,  the  AV,.^,  for  the  optimal  mpay.,  is 
chosen.  However,  the  best  AV,.^,  must  chosen  with  some  consideration.  As  previously 
mentioned,  the  F/W  must  be  greater  than  or  equal  to  1.30  for  stage  one.  And  judging  from  Table 
C.3  and  Chart  C.3,  the  best  solution  occurs  for  AV,.^ equal  to  .01,  which  will  not  help  the 
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situation  at  all.  Therefore,  AV,.fact=  0.20  is  the  best  choice  (this  is  where  F/W=l  .30).  At  this 
point  AV,  =  1,846  m/s,  AV2  =  7384  m/s,  and  m^.,  =  673,996kg. 

Once  the  AV,.^  is  chosen,  AV2  is  calculated  from  the  AVtot  -  AV,.  With  the  total  change  in 
velocity  required  by  the  second  stage,  AV2,  and  the  mass  limitation  of  the  second  stage,  an 
optimization  is  performed.  Using  Algorithm  3.2  and  starting  with  stage  2b,  the  initial  mass,  m,_ 
2bis  calculated  for  this  stage.  In  this  situation,  the  payload  is  the  aforementioned  orbiter  and  its 
payload.  The  initial  mass  for  stage  2b  is  then,  used  for  the  payload  mass  of  stage  2a,  mpay.2a. 
Once  again,  Algorithm  3.2  is  utilized.  This  scenario  is  repeat  over  a  range  of  AV  fraction  for 
stage  2a,  AV2a.ftact.  The  optimal  solution  is  chosen  for  stage  2  based  on  the  results  in  Table  C.4 
and  Chart  C.4.  Four  main  things  are  considered  when  choosing  the  best  solution:  F/W2a,  F/W2b, 
and  mj.2a,  and  the  finert  for  each  stage  The  thrust-to-weight  ratios  must  be  at  least  1.30.  In 
addition,  the  initial  mass  for  stage  2a  can  not  exceed  the  payload  mass  allowed  by  stage  1. 
Finally  an  finert  must  be  chosen  that  allows  a  possible  solution.  For  this  case,  the  highest  possible 
finert  that  allows  a  solution  is  0.04  for  stage  2a  and  0.05  for  stage  2b.  Although  this  is  not  a 
good  choice  (a  much  higher  fjnert  is  better,  possibly  finert  =  0.20),  it  is  the  best  one  which  still 
allows  some  viable  answer.  Looking  at  Chart  C.4,  and  taking  into  account  the  trends  and  slopes 
of  each  variable,  the  best  solution  occurs  for  AV2a  =  .56.  This  choice  provides  an  mi2a  =  637,756 
kg,  a  F/W2a  =  1 .04,  and  a  F/W2b  =  2.86.  The  initial  mass  is  within  the  limits,  as  well  as  the  F/W 
for  stage  2b.  However,  the  finert  for  each  stage  is  very  low,  and  the  F/W  for  stage  2a  is  also  well 
below  the  requirement. 
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Without  even  calculating  the  tank  masses  and  sizes  for  this  situation,  it  is  determined  that  this 
situation  will  not  work.  This  is  mainly  because  of  the  F/W  of  stage  2a  and  the  inert  mass 
fractions.  As  seen  from  Section  3.1,  the  pressurant  tank  and  pressurant  would  devour  the  inert 
mass  alone.  This  solution  is  the  best  thus  far,  but  falls  short  of  staying  within  the  constraints. 


3.2.c  SRM’s  in  Series  with  SSME’s  with  Added  Engines 

This  next  option  is  similar  to  the  situation  presented  in  the  previous  section;  in  this  situation  an 
engine  is  added  to  2a.  This  option  increases  the  F/W  of  the  stage,  but  at  the  same  time  increases 
the  complexity.  To  minimize  this  complexity,  the  SSME  engines  are  used.  Using  the  same 
process  utilized  in  section  3.2.b  and  maintaining  the  same  AV  fraction  between  stages  1  and  2, 
the  best  answer  is  determined  and  illustrated  in  Table  3.7  for  stages  2a  and  2b.  Detailed  tables 
and  charts  are  located  in  Appendix  C 
(Table  C.3  &  C.5,  Chart  C.3  &  C.5). 


Once  again,  the  finert  appears  to  be  the 
limiting  factor  of  this  situation.  The 
highest  finert’s  possible,  while 
maintaining  the  initial  mass  limit  (determined  by  stage  1,  see  section  3.2.b),  were  0.08  and  0.06 
for  stages  2a  and  2b,  respectively.  The  initial  mass  and  F/W  for  both  stages  are  within  the 
limitations.  However,  this  situation  will  most  likely  not  work  because  of  the  limiting  inert  mass, 
and  is  tested  much  the  same  way  as  in  section  3.1 


Stage  1 

Stage  2a 

Stage  2b 

AVfract 

0.20 

0.41 

0.59 

AV  (m/s) 

1,846.00 

3027.44 

4,356.56 

l^prop  (^9) 

997,562.00 

328,633.09 

193,231.66 

•"inert  (kg) 

174,120.00 

28,576.79 

12,333.94 

mi  (kg) 

1 ,845,678.84 

667,275.48 

310,065.59 

mf  (kg) 

848,116.84 

338,642.38 

116,833.94 

F/W 

1.30 

1.328625212 

2.14 
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Using  the  same  steps  as  in  section  3.1,  the  tank  masses  and  pressurant  mass  are  calculated 
(Tables  C.6  &  C.7).  With  these  tank  masses,  and  the  known  thrusts  and  Isp’s,  the  F/W  and  AV 
for  each  stage  is  calculated  (Table  C.8).  Looking  at  the  values  within  Table  C.8,  it  is  seen  that 
the  overall  AV  is  only  2,097  m/s,  which  is  well  short  of  the  9,230  m/s.  In  addition,  the  F/W  for 
each  stage  is  never  greater  than  1,  much  less  the  required  1.3. 

As  a  result,  the  system  investigated  in  section  3.2.c  has  potential,  but  once  again  is  greatly 
limited  by  the  high  inert  mass  of  the  tanks  and  pressurant.  The  delta  V  and  F/W  fall  very  short 
of  the  required  amounts. 

4,0  Conclusion 

Pressure  feeding  the  space  shuttle  main  engines  might  first  appear  to  be  any  easy  solution  to 
reducing  the  complexity  and  cost  of  the  current  turbo  pump  system.  However,  from  the 
calculations  and  their  resultant  values,  it  is  determined  that  this  system  is  not  a  viable  solution. 
Pressure  systems,  especially  for  large  launch  systems  like  the  STS  have  a  major  disadvantage, 
the  pressurant  mass  and  tank  masses.  As  a  result  of  the  high  pressure  required  to  operate  the 
SSME’s,  the  propellant  tanks  and  pressurant  tank  must  be  able  to  contain  very  high  pressure 
liquids.  Because  of  this,  the  tanks  and  must  be  very  thick,  hence  contributing  to  a  large  inert 
mass.  In  addition,  the  pressurant  used,  must  be  able  to  fill  all  of  the  tanks  while  still  maintaining 
the  required  operating  pressure  throughout  the  duration  of  SSME  operation.  This  necessity 
contributes  to  the  inert  mass  of  the  system  through  the  large  amount  of  pressurant  or  pressurant 
mass.  In  conclusion,  the  system  proposed  and  investigated  within  this  report  is  not  plausible. 
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For  this  system  to  work  within  the  constraints,  both  higher  tank  factors  and  high  thrusting 
boosters  must  be  developed. 

Some  possible  further  investigation  in  this  area  might  include  looking  into  pressurizing  the 
rocket  propellants  through  their  own  vapor  pressure.  This  would  add  propellant  mass,  however, 
the  pressurant  and  pressurant  tank  would  be  totally  eliminated.  Another  possible  solution  would 
be  to  reduce  the  operating  pressure  of  the  SSME’s.  Consequently,  the  nozzle  throat  would 
increase  and  a  small  hit  in  Isp  might  result.  These  options,  though,  are  some  alternative 
solutions  that  could  be  investigated. 
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TABLE  B.7 


1 . ; mk  life 


Stage  1 


SSME's 

mdoWssME-i  (kg/s)  (90%) 

1,264.64 

mdottot_SSME.2  (kg/s)  (100%) 

1,405.15 

i 

md°WssME-3  (kg/s)  (70%) 

983.61 

mdott0t.SSME_4  (kg/s)  (104%) 

1,461.36 

tbumstgi-i(s)  preburn 

6.60 

^bum  stg1-2(s)  liftoff 

30.00 

tbum  Stgi-3(s)  throttle  back 

31.00 

tbum  Stgi-4(s)  throttle  back 

65.00 

mprop-SSME-stg1  (kg) 

175,981.59 

mprop-LH-SSME-stg1  (kg) 

25,140.23 

H^prop-OX-SSME-stgl  (kg) 

150,841.36 

ET 

mtank-LH  (kg) 

1,148,202.75 

mtank-ox  (kg) 

505,679.88 

^tank-press  (kg) 

3,889,790.17 

^press  (kg) 

616,216.57 

mLH-tot  (kg) 

102,000.00 

mox-tot  (kg) 

616,500.00 

^inter-tank  (kg) 

5,487.00 

^thermal-prot  (kg) 

2,187.00 

l^extemal-HW  (kg) 

4,126.00 

SRM's 

^booster  tot  inert  (kg) 

174,120.00 

^booster  tot  wet  (kg) 

1,171,682.00 

^SRM-prop-tot  (kg) 

997,562.00 

AV  calculation 

ISpstage-1  (^) 

269.30 

mprop-tot  (^9) 

1,173,543.59 

^inert-tot  (kg) 

6,888,327.78 

morb  w/P/L  (kg) 

104,500.00 

AV  (m/s) 

409.8513041 

F/W  Calculation 

^tot-initial  (kg) 

8,166,371.37 

Thrusttot.SSME-s  (N) 

6,522,858.00 

Thrusttot.SRM.s  (N) 

23,600,000.00 

"F/W 

0.376008828 

Stage  2 


SSME's 

mdot,0,.SSME.1  (kg/s)  (104%) 

1,461.36 

tbum  stagers)  preburn 

388.00 

mprop-SSME-stg2  (kg) 

567,008.08 

mprop-LH-SSME-stg2  (kg) 

81,001.15 

mprop-OX-SSME-stg2  (kg) 

486,006.92 

ET 

mtank-LH  (kg) 

1,148,202.75 

mtank-OX  (kg) 

505,679.88 

^tank-press  (kg) 

3,889,790.17 

Impress  (kg) 

616,216.57 

mLH-tot  (kg) 

76,859.77 

mox-tot  (kg) 

465,658.64 

^inter-tank  (kg) 

5,487.00 

^thermal-prot  (kg) 

2,187.00 

mexternal-HW  (kg) 

4,126.00 

AV  calculation 

lsPstage-2  (s) 

455.00 

mprop-tot  (kg) 

567,008.08 

^inert-tot  (kg) 

6,171,689.37 

morb  w/P/L  (kg) 

104,500.00 

AV  (m/s) 

386.0617119 

AVtot  (m/s) 

795.9130161 

F/W  Calculation 

^tot-initial  (kg) 

6,843,197.45 

Thrusttot.SSME.s  (N) 

6,522,858.00 

F/W 

0.097164998 

TABLE  B.8 


«...  i  1  ms 'WmiP  *  f- 

Stage  1 

SSME’s 

rodoWssME-i  (kg/s)  (90%) 

1,264.64 

mdoWssME-2  (kg/s)  (100%) 

1,405.15 

mdottot.SSME.3  (kg/s)  (70%) 

983.61 

mdottot.SSME^  (kg/s)  (104%) 

_ i 

1,461.36 

tbumstgi-i(s)  preburn 

6.60 

Wim  stgt-2(s)  liftoff 

30.00 

tbum  Stgi-3(s)  throttle  back 

31.00 

tbum  Stgi-4(s)  throttle  back 

65.00 

•"•"•prop-SSME-stgl  (^9) 

175,981.59 

mprop-LH-SSME-stg1  (^9) 

25,140.23 

mprop-OX-SSME-stg1  (kg) 

150,841.36 

ET 

mtank-LH  (kg) 

1,148,202.75 

mtank-OX  (kg) 

505,679.88 

•"•^tank-press  (^9) 

777,958.03 

mpress  (kg) 

616,216.57 

mLH-tot  (kg) 

102,000.00 

m0x-tot  (kg) 

616,500.00 

•"•^inter-tank  (^9) 

5,487.00 

•"•^thermal-prot  (^9) 

2,187.00 

mextemal-HW  (^9) 

4,126.00 

SRM’s 

•"•^booster  tot  inert  (kg) 

174,120.00 

•^booster  tot  wet  (^9) 

1,171,682.00 

•"•"•SRM-prop-tot  (kg) 

997,562.00 

AV  calculation 

iSpstage-1  (s) 

269.30 

•^•prop-tot  (^9) 

1,173,543.59 

•"•"•inert-tot  (^9) 

3,776,495.65 

•^•ortiw/P/L  (^9) 

104,500.00 

AV  (m/s) 

697.9560226 

|F/W  Calculation  j 

•"•^tot-initial  (^9) 

5,054,539.24 

Thrusttot.SSME>s  (N) 

6,522,858.00 

Thrusttot.SRM.s  (N) 

23,600,000.00 

F/W 

0.607499038 

Stage  2 


SSME's 


mtank-LH  (^9) 
mtank-OX  (kg) 
^lank-press  (kg) 
Impress  (kg) 

mLH-tot  (kg) 

mox-tot  (kg) 

^inter-tank  (kg) 
^thermal-prot  (kg) 
mextemal-HW  (kg) 


1,148,202.75 

505,679.88 

777,958.03 

616,216.57 

76,859.77 

465,658.64 

5,487.00 

2,187.00 

4,126.00 


AV  calculation 

lsPstage-2  (s) 

455.00 

mprop-tot  (kg) 

567,008.08 

•"•"•inert-tot  (^9) 

3,059,857.24 

morb  w/P/L  (^9) 

104,500.00 

AV  (m/s) 

735.7012918 

AVtot  (m/s) 

1433.657314 

F/W  Calculation 

•"••tot-initial  (^9) 

3,731,365.31 

Thrusttot.ssME-s  (N) 

6,522,858.00 

F/W 

0.178197311 

TABLE  B.9 


Stage  1 


Stage  2 


SSME's 

mdoWssME.,  (kg/s)  (90%) 

1,264.64 

mdottot.ssME-2  (kg/s)  (100%) 

1,405.15 

mdottot.SSME.3  (kg/s)  (70%) 

983.61 

mdottot.SSME4  (kg/s)  (104%) 

1,461.36 

tbumstgi-i(s)  prebum 

6.60 

^bum  stg1-2(s)  liftoff 

30.00 

tbum  Stgi-3(s)  throttle  back 

31.00 

tbumstgi^(s)  throttle  back 

65.00 

mprop-SSME-stg1  (kg) 

175,981.59 

mprop-LH-SSME-stg1  (kg) 

25,140.23 

mprop-OX-SSME-stg1  (kg) 

150,841.36 

ET 

m,ank.LH  (kg) 

1,148,202.75 

mtank-ox  (kg) 

505,679.88 

^tank-press  (kg) 

2,908,650.46 

Impress  (k9) 

3,234,838.23 

mLH-tot  (kg) 

102,000.00 

mox-tot  (kg) 

616,500.00 

^inter-tank  (kg) 

5,487.00 

r^thermal-prot  (kg) 

2,187.00 

^extemal-HW  (kg) 

4,126.00 

SRM's 

^booster  tot  inert  (kg) 

174,120.00 

^booster  tot  wet  (kg) 

1,171,682.00 

^SRM-prop-tot  (kg) 

i 

997,562.00 

AV  calculation 

IsPstage-l  (s) 

269.30 

^prop-tot  (kg) 

1,173,543.59 

^inert-tot  (kg) 

8,525,809.73 

morb  w/P/L  (kg) 

104,500.00 

AV  (m/s) 

336.8193598 

F/W  Calculation 

*^tot-initial  (kg) 

9,803,853.32 

Thrusttot_SSMFs  (N) 

6,522,858.00 

Thrusttot.SRM.s  (N) 

23,600,000.00 

F/W 

0.313206208 

SSME's 

mdoWsME.,  (kg/s)  (104%) 

1,461.36 

tbum  stage-2(s)  preburn 

388.00 

mprop-SSME-stg2  (kg) 

567,008.08 

mprop-LH-SSME-stg2  (kg) 

81,001.15 

mprop-OX-SSME-stg2  (kg) 

486,006.92 

ET 

mtank-LH  (kg) 

1,148,202.75 

^ tank-OX  (kg) 

505,679.88 

^tank-press  (kg) 

2,908,650.46 

^press  (kg) 

3,234,838.23 

mLH-tot  (kg) 

76,859.77 

mox-tot  (kg) 

465,658.64 

^inter-tank  (kg) 

5,487.00 

^thermal-prot  (kg) 

2,187.00 

mexternal-HW  (kg) 

4,126.00 

AV  calculation 

ISPstage-2  (S) 

455.00 

^prop-tot  (kg) 

567,008.08 

^inert-tot  (kg) 

7,809,171.32 

^orb  w/P/L  (kg) 

104,500.00 

AV  (m/s) 

308.8720965 

AVtot  (m/s) 

645.6914563 

F/W  Calculation 

^tot-initial  (kg) 

8,480,679.40 

Thrusttot.ssMpg  (N) 

6,522,858.00 

F/W 

0.078404009 

TABLE  B.10 


Stage  1 


Stage  2 


SSME's 

mdoWssME-i  (kg/s)  (90%) 

1,264.64 

mdottot.SSME_2  (kg/s)  (100%) 

1,405.15 

mdott0t_ssME-3  (kg/s)  (70%) 

983.61 

m^°WsSME-4  (kg/s)  (104%) 

1,461.36 

tbumstgi-i(s)  preburn 

6.60 

i  ... 

Wim  stgl-2(s)  liftoff 

30.00 

tbum  Stgi-3(s)  throttle  back 

31.00 

tbumstgi-t(s)  throttle  back 

65.00 

^Oprop-SSME-stgl  (kg) 

175,981.59 

mprop-LH-SSME-stgt  (kg) 

25,140.23 

mprop-OX-SSME-stg1  (kg) 

150,841.36 

ET 

;mtank.LH  (kg) 

.  .  . 

1,148,202.75 

mtank-OX  (kg) 

505,679.88 

^tank-press  (kg) 

581,730.09 

^press  (kg) 

3,234,838.23 

mLH-tot  (kg) 

102,000.00 

mox-tot  (kg) 

616,500.00 

^inter-tank  (kg) 

5,487.00 

^tbermal-prot  (kg) 

2,187.00 

^extemal-HW  (kg) 

4,126.00 

SRM's 

^booster  tot  inert  (kg) 

174,120.00 

^booster  tot  wet  (kg) 

1,171,682.00 

mSRM-prop-tot  (kg) 

997,562.00 

AV  calculation 

I^Pstage-1  (®) 

269.30 

o^prop-tot  (kg) 

[  1,173,543.59 

^inert-tot  (kg) 

6,198,889.36 

morb  w/p/l  (kg) 

104,500.00 

AV  (m/s) 

451.0519511 

F/W  Calculation 

^tot-initial  (kg) 

7,476,932.95 

Thrusttot.SSME-s  (N) 

6,522,858.00 

Thrusttot_SRM.s  (N) 

23,600,000.00 

F/W 

0.410680121 

AV  calculation 


lspstage-2  (S) 

^prop-tot  (kg) 
^inert-tot  (kg) 

^orb  w/P/L  (kg) 
AV  (m/s) 
AVtot  (m/s) 


F/W  Calculation 


148,202.75 

505,679.88 

581,730.09 

234.838.23 


455.00 

567,008.08 

5,482,250.95 

104,500.00 

431.4700707 

882.5220218 


^tot-initial  (kg) 

6,153,759.03 

Thrusttot_SSME.s  (N) 

6,522,858.00 

F/W 

0.108050911 

TABLE  B.11 


Stage  1 

SSME's 

mdottot.SSME-i  (kg/s)  (90%) 

1,264.64 

mdot,ot.ssME-2  (kg/s)  (100%) 

1,405.15 

mdottot_SSME.3  (kg/s)  (70%) 

983.61 

mdott0t.SsME-4  (kg/s)  (104%) 

1,461.36 

tbumstgi-i(s)  preburn 

6.60 

^bum  stg1-2(s)  liftoff 

30.00 

tbum  Stgi-3(s)  throttle  back 

31.00 

tbum  Stgi-4(s)  throttle  back 

65.00 

Wprop-SSME-stg1  (kg) 

175,981.59 

mprop-LH-SSME-stg1  (kg) 

25,140.23 

mprop-OX-SSME-stg1  (kg) 

150,841.36 

ET 

"W-l-H  (kg) 

1,148,202.75 

m tank-OX  (kg) 

505,679.88 

Wtank-press  (kg) 

3,927,571.38 

Impress  (kg) 

6,216,035.63 

mLH-tot  (kg) 

102,000.00 

mox-tot  (kg) 

616,500.00 

^inter-tank  (kg) 

5,487.00 

^thermal-prot  (kg) 

2,187.00 

Wextemal-HW  (kg) 

4,126.00 

SRM’s 

^booster  tot  inert  (kg) 

174,120.00 

•^booster  tot  wet  (kg) 

1,171,682.00 

WsRM-prop-tot  (kg) 

997,562.00 

AV  calculation 

IsPstage-l  (s) 

269.30 

•^prop-tot  (kg) 

1,173,543.59 

minert-tot  (kg) 

12,525,928.05 

W0rbw/P/L  (kg) 

104,500.00 

AV  (m/s) 

234.7193235 

|F/W  Calculation  f 

^tot-initial  (kg) 

13,803,971.64 

Thrusttot_SSME-s  (N) 

6,522,858.00 

Thrusttot_SRM.s  (N) 

23,600,000.00 

F/W 

0.222445236 

Stage  2 


SSME's  i 

mdoWsswE-i  (kg/s)  (104%) 

1 ,461 .36 

tbumstage-2(s)  preburn 

388.00 

Wprop-SSME-stg2  (kg) 

567,008.08 

mprop-LH-SSME-stg2  (kg) 

81,001.15 

mprop-OX-SSME-stg2  (kg) 

486,006.92 

ET 

mtank-LH  (kg) 

1,148,202.75 

m tank-OX  (kg) 

505,679.88 

Wtank-press  (kg) 

3,927,571.38 

"Vess  (kg) 

6,216,035.63 

mLH-tot  (kg) 

76,859.77 

mox-tot  (kg) 

465,658.64 

^inter-tank  (kg) 

5,487.00 

Wthermal-prot  (kg) 

2,187.00 

Wextemal-HW  (kg) 

4,126.00 

AV  calculation 

lsPstage-2  (s) 

455.00 

W  prop -tot  (kg) 

567,008.08 

minert-tot  (kg) 

11,809,289.64 

morbw/P/L  (kg) 

104,500.00 

AV  (m/s) 

207.5316772 

AVtot  (m/s) 

442.2510007 

F/W  Calculation 

WtotH'nitial  (kg) 

12,480,797.72 

Thrusttot.SSME-s  (N) 

6,522,858.00 

F/W 

0.053275382 

TABLE  B.12 


Stage  1 

SSME’s 

mdoWssME-i  (k9/s)  (90%) 

1,264.64 

mdottot_SSME_2  (kg/s)  (100%) 

1,405.15 

mdottot.SSME.3  (kg/s)  (70%) 

983.61 

mdottot.SSME^  (kg/s)  (104%) 

1,461.36 

tbumstgi-i(s)  prebum 

6.60 

turn  stg1-2(^)  liftoff 

30.00 

tbum  Stgi-3(s)  throttle  back 

31.00 

tbumatgi-*(s)  throttle  back 

65.00 

^prop-SSME-stgl  (kg) 

175,981.59 

mprop-LH-SSME-stg1  (kg) 

25,140.23 

mprop-OX-SSME-stg1  (kg) 

150,841.36 

ET 

mtank-LH  (kg) 

1,148,202.75 

mtank-OX  (kg) 

505,679.88 

^tank-press  (kg) 

785,514.28 

Impress  (kg) 

6,216,035.63 

mLH-tot  (kg) 

102,000.00 

mox-tot  (kg) 

616,500.00 

^inter-tank  (kg) 

5,487.00 

^thermat-prot  (kg) 

2,187.00 

mexternal-HW  (kg) 

4,126.00 

SRM’s 

^booster  tot  inert  (kg) 

174,120.00 

mbooster  tot  wet  (kg) 

1,171,682.00 

^SRM-prop-tot  (kg) 

997,562.00 

AV  calculation 

I^Pstage-1  (®) 

269.30 

^prop-tot  (kg) 

1,173,543.59 

^inert-tot  (kg) 

9,383,870.95 

morb  w/P/L  (kg) 

104,500.00 

AV  (m/s) 

308.065652 

|F/W  Calculation 

^tot-initial  (kg) 

10,661,914.54 

Thrusttot.SSME-s  (N) 

6,522,858.00 

Thrust,ot.SRM.s  (N) 

23,600,000.00 

F/W 

0.287999657 

Stage  2 


SSME's 


mdottot-ssME-i  (kg/s)  (104%) 
^bum  stage-2 (®)  prebum 
^prop-SSME-stg2  (kg) 
^prop-LH-SSME-stg2  (kg) 
^prop-OX -SSME-stg2  (kg) 


ET 


mtank-LH  (kg) 
Utank-OX  (kg) 
^tank-press  (kg) 

^press  (kg) 

mLH-tot  (kg) 
mox-tot  (kg) 

^inter-tank  (kg) 
^thermal-prot  (kg) 
mextemal-HW  (kg) 


1,461.36 

388.00 

567,008.08 

81,001.15 

486,006.92 


1,148,202.75 

505,679.88 

785,514.28 

6,216,035.63 

76,859.77 

465,658.64 

5,487.00 

2,187.00 

4,126.00 


AV  calculation 

lsPstage-2  (s) 

455.00 

mprop-tot  (kg) 

567,008.08 

^inert-tot  (kg) 

8,667,232.54 

morb  w/P/L  (kg) 

104,500.00 

AV  (m/s) 

279.5836747 

AVtot  (m/s) 

587.6493267 

F/W  Calculation 

^tot-initial  (kg) 

9,338,740.62 

Thrusttot_SSME.s  (N) 

6,522,858.00 

F/W 

0.0712001 

(6>0  sseiu 


TABLE  C.3 
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